The placer deposits dominated Neendakara-Kayamkulam sector along the Kerala coast on the southwest coast of India may be characterized as a dynamic, unstable beach based on shoreline oscillations observed over the past years. Both long-term and short-term shoreline variations can be easily linked directly to a number of factors -both natural and anthropogenic. Of these, activities such as large scale mining for heavy minerals; dredging and construction of hard structures such as breakwaters and groins; have contributed significantly to the changes in shoreline. The coastal hydrodynamics of the area is highly complex because of the variation in shoreline orientation and near shore slope. The present work is an attempt to understand the coastal processes and to identify the factors responsible for the shoreline oscillations by conducting numerical model studies. The studies on the shoreline changes are also carried out as a part of this study in order to identify the critical areas of the shore that need immediate protection. The study shows that the northern part of the study area (barring the 2km stretch lying to the immediate south of the Kayamkulam inlet) has been eroding significantly which requires immediate protection. The proposed shoreline protection measure is to provide detached offshore submerged breakwaters.
INTRODUCTION
The Neendakara (8.9337 o N, 76.5387 o E) and Kayamkulam (9.1365 o N, 76. 4626 o E) coastal sector ( Fig. 1 ) of the southwest coast of India, is essentially a barrier island rich in placer deposits sandwiched between the Lakshadweep Sea on the west and Travancore-Shoranur (T.S.) canal on the east. The shoreline characteristics of this narrow island with its width varying between 50 and 500m, are indicative of an unstable dynamic coast. Widespread erosion has been reported on the northern part of this region and along certain patches of the coast during the last 20-30 years (Sreekala et al. 1988 , Sheela et. al (2007& 2011 and Kurian et al. (2007& 2009 . The rate and pattern of erosion/accretion seen during the above-mentioned period however differ as it is mainly due to the locally induced environmental changes. Of the various factors that contribute to the localized changes, the anthropogenic activities play a major role. The construction of two breakwaters at the Neendakara and Kayamkulam inlets (Fig. 2) in connection with harbour development, extensive mining of the beach sand which is rich in heavy minerals, periodic dredging carried out for maintaining the channel depth etc. are some of the human induced changes apart from the high wave activity particularly during the monsoon season. The erosion along certain locations of the coast has been quite alarming during the monsoon. There also have been a few cases of breaching of the barrier island reported particularly during hostile sea conditions. The relatively low surface elevation of the densely populated land area on the eastern side adjoining the canal is another factor that makes the condition even more dangerous. Construction of seawalls has been adopted to protect a major portion of the coast. However, it is found that these walls are not very effective as they were provided. A considerable amount of expenditure has been recurring in connection with the maintenance of these hard structures. As this densely populated coastal area (density of 2500/km 2 ) is mostly inhabited by the fishing community who depend on fishing and other marine related activities for their livelihood, it is essential that the critical areas are protected. With an ever-increasing demand for development in coastal areas and the world wide legal requirements for preservation and restoration of natural resources through holistic management, Shoreline Management Plans have been gaining more importance in recent years (Magnor 2001) . For efficient planning of shoreline management, the coastline may be divided into manageable units called sediment cells. A sediment cell is defined as a length of the coastline and its adjoining offshore area that can be considered as a relatively self-contained area as far as movement of sand and other sediments are concerned. Herein, the assumption is that, if at all there is an interruption to the movement of sediment within a particular cell, it will not have a significant effect on the neighboring cells. The boundary of a sediment cell generally coincides with large estuaries or prominent headlands. For the present study, the coastal stretch of 22km from Neendakara to Kayamkulam is considered as a sediment cell as the two long breakwaters at either end of the study area can be considered as artificial headlands. Numerical model studies can be adopted as an effective tool to provide an insight into the causes of the shoreline dynamics by understanding the near shore wave climate, coastal circulation and sediment transport patterns. The present study is taken up in this context with the main objective of arriving at an appropriate shore protection measure based on the results of the numerical model studies. It is expected that the recommended protection measure will help in developing and maintaining a sustainable beach, thereby reducing risks to both people and land from coastal flooding and erosion particularly during the monsoon season.
STUDY AREA
The study area is the 22km x 5km coastal stretch sandwiched between the two inlets (Neendakara in the south and Kayamkulam in the north) and Arabian Sea on the west. The southern arm of the Kayamkulam breakwater and the northern arm of the Neendakara breakwater are the northern and southern boundaries of the model domain respectively. The offshore extent of the model domain is up to a water depth of 14m (including the inner shelf region). 
METHODOLOGY
The numerical model studies, which include the effects of near shore wave climate, circulation and sediment transport during the three distinct seasons of pre-monsoon, monsoon and post-monsoon were carried out by setting up separate models for each seasons by giving appropriate site-specific data. The flow chart showing the various steps involved in modeling is presented in Fig.3 . To identify the critical coastal stretch, numerical model studies to compute the shoreline changes -both short-term and longterm were also undertaken. The different modules of MIKE21 (DHI, 2009) and LITPACK (DHI, 2004) packages developed by the Danish Hydraulic Institute (DHI) have been used for the study. The hydrodynamic and sedimentological data available with the Centre for Earth Science Studies (CESS), Trivandrum were adopted for providing the necessary input for executing the various models. For the simulation of near shore wave climate, the MIKE-21 Spectral Wave model (MIKE-21 SW) was used. MIKE-21 SW is a new generation spectral wind-wave model based on unstructured meshes that takes into account all the important phenomena such as wave growth by influence of wind, nonlinear wave-wave interaction, dissipations due to white-capping, bottom friction, depth-induced breaking, refraction and shoaling due to depth variations and wave-current interaction. The model simulates the growth, decay and transformation of both wind-generated waves and swells in offshore and coastal areas. For the present study, the fully spectral formulation based on the wave action conservation equation (Komen et al., 1994 and Young 1999) has been adopted where the directionalfrequency wave action spectrum is the dependent variable. The discrete frequencies and directions used to resolve the wave action spectrum in the computations are specified in the model. For frequency discretization, the logarithmic distribution type given as F n = F 0 C n , n = 1, 2,3..... has been chosen, where, F n is the n th frequency, F 0 -the minimum frequency and C the frequency factor with a default value of 1.1. The minimum frequency herein, was set to 0.05 H z and the number of frequencies as 25. The number of directions considered for the directional distribution was set to 16.
The MIKE21 Flow Model -Flexible Mesh (FM) was applied for the simulation of the coastal circulation during different seasons, whereas, the Sand Transport module in the MIKE21 Flow Model -FM is used to compute the transport of non-cohesive materials. The Sand Transport module is based on the flow conditions simulated using the basic hydrodynamic module for which the results from the SW model are given as input (wave radiation stresses). In this study, the combined current and wave mode, which gives the total sediment load due to both bed and suspended load was selected for the computation of sediment transport. For the numerical calculation a low order, fast algorithm scheme was specified for both time integration and space discretisation. The minimum and maximum time steps used for the calculation of both shallow water and transport equations were 0.01s and 30s respectively.
The modeling of the shoreline evolution was executed using the LITLINE module of LITPACK.The LITPROF module of LITPACK is used for analysing the performance of the proposed shore protection measure. It simulates the cross-shore profile evolution for oblique waves. LITPROF describes the cross-shore profile changes by solving the bottom sediment continuity equation based on the sediment transport rates calculated by the sediment transport model STP-Q3. LITPROF being a time-domain model includes the effects of changing morphology on the wave climate and transport regime. This enables a simulation of profile development for a time-varying incident wave field. 
MODEL SETUP
The model domain selected for the study is an approximate area of 22km x 5km with a maximum water depth of about 14m. An unstructured mesh with 3277 nodes and 5506 elements was created with a local refinement in the near shore region and in the area adjoining the breakwaters. The node spacing for generating the mesh was assigned as 25m along the shoreline, whereas, at the offshore boundary it was 200m. The model was set up with three open boundaries -north, south, west and a land boundary on the eastern side. As the Kerala coast experiences three different wave climates -pre-monsoon (February-May), monsoon (June-September) and post-monsoon (October-January) over a year, three separate models have been set up for simulating the wave climate and circulation pattern for each of the seasons. This is required, as the model had to be calibrated for each season separately by adjusting the tuning parameters. The months, March, July and November were taken as the representative months for the pre-monsoon, monsoon and post-monsoon seasons, respectively, for the setting up of the models. The bathymetry data for the model was derived from the MIKE C-MAP digital charts (Fig. 4) . For the near shore region, fine bathymetry grid data compiled from a shallow water bathymetry survey of the region conducted by CESS through different projects was used. For executing the SW model, for the western open boundary, the offshore wave data which includes wave parameters such as significant wave height, mean wave direction, peak wave period and directional standard deviation were given as input.
The other two open boundaries -i.e. the northern and southern boundaries were defined as lateral boundaries.
The deep-water met-ocean parameters required for defining the offshore boundary conditions were obtained from the NIOT offshore buoy located in the Arabian Sea. The offshore wave data used for the modeling work are presented in Fig. 5 . During the pre-monsoon period of 7 th -21 st March, the offshore significant wave height varied between 0.5m and 1.5m with a mean value of 0.8m, whereas during the monsoon period of 17 th -31 st July it was in the range of 1.8 -4.1m with a mean value of 2.64m. The mean wave direction during the above mentioned pre-monsoon and monsoon periods were 199 o and 270 o respectively. The offshore significant wave height during the post-monsoon period of November 2 nd -16 th varied between 0.67 and 2.34m with a mean value of 1.21m. The mean wave direction during this period was 189 o and the mean peak wave period was 10.7s which is the same as that of the premonsoon season whereas during the monsoon season it was10s.
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Shore Protection for a Placer Deposit Rich Beach of the Southwest Coast of India Figure 5 . Offshore wave parameters consisting of significant wave height, peak wave period and mean wave direction during the pre-monsoon, monsoon and post-monsoon seasons used for modeling work
For setting up the Flow Model (Flexible Mesh-FM), the surface elevation or tidal variation at the open boundaries were given as inputs for defining the boundary conditions. The tidal input data is the predicted data for the area obtained using the Tide Prediction Tool in the MIKE21 toolbox. The local wind data for the study area and the sediment characteristics (Table 1) were also defined. The local wind data from the Alleppey coastal station located on the north of the study area was collected from the India Meteorological Department (IMD). The wind data adopted for the Flow model simulation is presented in Fig. 6 . During the pre-monsoon month of March, the wind direction is scattered, lying mostly between SW to NW and NE to SE. The maximum wind speed is found to reach a value of up to 4 m/s. In July, the wind speed increases to 5 m/s and the direction is mostly between SW and NW with a predominant NW direction, typical of the monsoon season. The post-monsoon (represented by November) wind pattern is more or less similar to that of March with a sizable scatter in the directions.
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Wind plays a prominent role in the coastal hydrodynamics of the study area. Wind in this region is predominantly from the northwest direction, which is almost parallel to the alongshore direction (with the shoreline normal varying between 235 and 250 degrees for the entire coastal stretch under study). When the wind is aligned almost parallel to the shore, small changes in wind orientation can change the direction of bottom currents. Black et al (2008) have shown that the current direction changes from onshore to offshore when the wind rotates by less than 45 o between northwest and north for the same study area. In addition to this, the direction and magnitude of wind can also affect the type of wave breaking. Onshore winds cause waves to break in deeper water depths and spill, while offshore winds cause waves to break in shallower depths and plunge (Galloway et. al. 1989 , Douglass 1990 ). For the calibration of the SW model, wave breaking and bottom friction parameters were used for fine-tuning the model to obtain a reasonable comparison with the field observations. The model calibration for the MIKE21 flow model was done by adjusting only the bottom friction parameter, which is normally expressed in the form of seabed roughness (given as Manning Number). In the absence of measured near shore wave and current data for the period for which the offshore buoy data was available, validation of the models was done by comparing the results with the hydrodynamic data available from earlier studies . This was on the assumption that even though intra-seasonal and inter-seasonal changes exist, the overall wave and current patterns more or less remain the same. The comparisons showed that the average values of the wave and current parameters were more or less in the same range without much deviation.
For setting up of the LITLINE model for the present study, appropriate input data to replicate the actual geomorphologic and littoral environmental conditions were provided. The basic input data required for running the model are the alongshore relative coastal alignment, cross-shore profile description and bathymetry, active depth of transport, depth contour angles at each grid point, environmental data (which includes waves, tides, current and wind) and size of the structure if any. The LITLINE sediment transport table generation program, LINTABL was used for the computation of alongshore sediment transport. The wave climate was defined by giving appropriate wave parameters (Table 2) such as wave heights, wave periods and wave directions along with the respective probability of occurrence of wave incidents, to simulate the actual wave conditions. The sediment characteristics (Table 3 ) along the defined cross-shore profile are given as inputs in the form of a line series data file. The breakwaters present in the study area were defined using the "structures" option in the LITLINE module. The average values of the results are presented as they provide an overall picture of the conditions prevailing during each season. The MIKE21 SW model was used to simulate the wave climate of the area under study, whereas the MIKE21 Flow Model-FM was used to study the spatial and seasonal variation in coastal circulation pattern, wherein, the effects of tides, waves and wind were considered. The sand transport rates were computed using the Sand Transport Module of the MIKE21 Flow Model-FM. For computation of both short-term and long-term changes in the shoreline, the LITLINE module of LITPACK was used whereas the variation in the near shore cross-shore profile both in the present condition and with the introduction of the proposed protection measure was carried out using the LITPROF module.
Waves
Of the three seasons, the monsoon is the most dominant season with a very high wave activity. The waves are predominantly from the west-southwest (WSW) and westerly directions during the premonsoon and monsoon seasons and are more vigorous during the monsoon. However, during the postmonsoon season the waves are mostly from the southwest direction. The region experiences high waves (Fig. 7) during the monsoon period with a mean significant wave height (H s ) of around 2.4m and is characterized by short period waves compared to the other two seasons. The mean value of the simulated significant wave height is higher than the typical monsoon average value. This is certainly due to the presence of high waves in the offshore region during the period of simulation. (July 17 th -31 st of 2005). As per the offshore wave data from the NIOT buoy the significant wave height during this period ranges from 1.8m to 4.05m with a mean value of 2.64m. The simulated mean wave direction (Fig. 8) is almost normal to the coast in the near shore region during the monsoon period and hence the negative impact on the coast is found to be more compared to that for the other two seasons. The results also indicate that only during the post-monsoon season do the waves approach the coast from the south of shore normal. Of the 22km coastal stretch considered for the study, the northern part is seen to be prone to higher wave activity during all the three seasons. This can be attributed to the high steepness or the increase in near shore bed slope (up to 5m water depth) seen in the northern region of the model domain, which is also quite evident from the bathymetric chart. Field observations also support this finding. Table 4 shows the average values of the wave parameters for the inner shelf region during the pre-monsoon, monsoon and post-monsoon seasons. Table 4 . Simulated wave parameters for the innershelf region during pre-monsoon, monsoon and post-monsoon seasons
Currents
Currents are found to be comparatively high during the monsoon season. The current speed varies between 0.4 and 0.72m/s with the northern region experiencing higher currents. The higher current values are observed at locations very near to the shore particularly at the mining sites and near breakwaters. These can be attributed to the breaking of high waves near the shore during monsoon. The inner shelf current directions during the three seasons are predominantly southerly whereas the surf zone longshore current directions are southerly during the monsoon and predominantly northerly during the other two seasons. The near shore current direction is predominantly southerly during the pre-monsoon season where as it is purely southerly during the monsoon season. The simulated results for the post-monsoon season indicate a predominantly northerly trend. A summary of the results of current speed and direction for the near shore region are presented in Table 5 . 
SEDIMENT TRANSPORT
The total sediment transport load due to the combined effects of waves and currents (tidal and wind) have been computed using the Sand Transport module of the MIKE 21 Flow Model. This total load includes both bed and suspended loads. The sediment transport patterns (Figs. 9-10) for this region are more or less similar to the current patterns. As in the case of currents and waves, a seasonal variability in the sediment transport pattern is seen which corroborates well with the field observations presented in the next section. An increase in sediment deposition is observed near the northern boundary of the model domain -i.e. to the immediate south of the southern arm of the Kayamkulam breakwater. This is in close agreement with the field observation of high accretion reported adjacent to the southern arm of the Kayamkulam breakwater (Sheela et al., 2011) . At the same time the simulation results indicate an eroding coast further south that is about 2km away from the Kayamkulam breakwater. The recent beach profile survey conducted in this region also show similar trends which is a negative impact of the breakwater construction at the Kayamkulam inlet. The southern arm of the Kayamkulam breakwater (800m long) extending offshore up to 5m water depth invariably acts like a groin trapping the pre-dominant northerly longshore transport. This has resulted in a perennial reduction in the material supply to the adjacent areas. The breakwater construction being a recent one (hardly 3 to 4 years since completion), the high rate of accretion to the immediate south of the southern arm of the breakwater is likely to continue until the shoreline stabilizes.
Shoreline Changes
Shoreline change studies -both long-term and short-term to identify the critical areas that need immediate attention were carried out using the LITLINE module of LITPACK (Fig. 11) . The erosion/accretion pattern deduced from the shoreline change and sediment transport model corroborates well with the erosion/ accretion trend for this coast. The results also indicate that during the postmonsoon season, the littoral drift is maximum for the near shore region with water depths in the range of 0-2m. There is also a significant increase in the quantity of sediment being transported indicating conducive environment for beach building. The suspended sediment rate is high compared to the bed load transport for all the three seasons. For deeper water depths, the sediment transport rate is a maximum during the monsoon season, typical of the high wave activity during the period. The results of the simulations are validated with the recent field observations (Figs. 12 -16 ). Parts of the shoreline identified as critical are apparently located near the mining sites in this region. Based on the results, a coastal stretch of 2-3km located at a distance of about 3km from the northern boundary of the study area has been identified as the most critical area.As per the simulation results on the long-term shoreline evolution study, a maximum shoreline retreat of 80-100m in 25 years is expected in this region which is quite alarming. The simulation results clearly indicate the need to have efficient shoreline protection measures that will not only protect the area but also ensure the formation of a sustainable beach. As the wave activity is at its peak during the monsoon season with very high waves of the order of 2.5m approaching almost normal to the shoreline, maximum erosion occurs during the monsoon period. The near shore slope also being quite steep at the critical locations (particularly the mining areas) the attenuation in wave height as it approaches the shore from deep 54 Shore Protection for a Placer Deposit Rich Beach of the Southwest Coast of India water is considerably less. At several locations, where, seawalls are in existence, the waves break directly on them resulting in their slumping/failure. This is because the shore protection measures adopted so far are confined to the shore and were not successful in reducing/damping the high waves before they reach the shore. Hence, it is imperative that any measure adopted should be site specific and should ensure a sustainable protection of the coast from the fury of high waves throughout the year and in particular during the monsoon. A method of protection that can cause pre-mature breaking/damping of high waves before they reach the coast would be ideal for such conditions. By providing submerged breakwaters, the wave action on the beach and on the existing shore structures can be drastically reduced. These structures can offer good protection particularly during the monsoon as it reduces the wave energy by pre-mature breaking. Also the movement of beach sand to offshore from the shore can be controlled due to less wave activity on the shore. The performance characteristics of submerged breakwaters have been studied in detail by several researchers (Ahrens 1987, Ahrens and Fulford 1988 .) The laboratory test results conducted by them showed that submerged breakwaters were able to dissipate wave energy between 17 and 56% which is more than that of a sloping beach. Based on this the option of providing submerged breakwaters was considered. After analysing, it was found that detached submerged offshore breakwaters of 1.5m height located at a water depth of 2m is the most appropriate protection measure for the critically eroding stretch of the coast. The performance of submerged breakwaters was studied using the LITPROFILE module of LITPACK. The result (presented in Fig.17 ) is quite encouraging as an increase in beach width of approximately 25m within a period of one year can be anticipated. Detached segmented breakwaters of 80m length and crest height of 1.5m, located at a distance of 40m from the shoreline is proposed for protecting the 3km critically eroding coastal stretch located 2km to the south of the Kayamkulam inlet. It is recommended to provide breakwater segments ( Fig.18 ) with a spacing of 40m at a water depth of 2m (within the surf zone).
CONCLUSIONS AND RECOMMENDATIONS
Numerical modeling studies carried out for understanding the wave climate and coastal circulation pattern indicate an eroding tendency for the northern (barring the 2km sector adjacent to the breakwater) and central regions of the shoreline of the study area. Based on the results of the shoreline evolution studies it can be concluded that certain parts of the coast need immediate protection. Detached submerged breakwaters with a height of 1.5m, located at about 2m water depth at a distance of 40m from the shoreline are recommended for the 3km stretch of the coast. It is expected that by adopting this measure there would be an increase in beach width of approximately 25m in a year. Further detailed coastal hydrodynamic studies, which involve field data collection and numerical modeling work with the new set of data is recommended to arrive at an optimum spacing for the breakwaters. 
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